V. AND C. R. TREADWELL. Absorption oj cholesterol esters in the lymph-fistula rat. Am. J. Physiol. 195(z): 516520. rg#.-Free and esterified cholesterol fractions in thoracic duct lymph of rats were determined after the administration of emulsions containing saline, albumin, taurocholate, oleic acid and free cholesterol, or fatty acid esters of cholesterol. Total lymph cholesterol increased within 3 hours after feeding free cholesterol or the natural cholesterol esters. Cholesterol butyrate was absorbed as well as free cholesterol, while the esters of oleic and linoleic acids, were absorbed slower and less efficiently. Saturated acid esters, laurate and stearate were absorbed slowly and inefficiently. Administration of cholesterol trimethylacetate, which is resistant to the hydrolytic action of pancreatic cholesterol esterase, did not result in any increase in lymph cholesterol above the control level. Throughout all groups in which absorption of cholesterol occurred, the absorbed cholesterol in lymph was esterified from 87 yO to 95 7&.
are hydrolyzed in the intestinal lumen prior to absorption of the cholesterol moiety as free cholesterol.
I T HAS LONG BEEN KNOWN
that the cholesterol of dietary cholesterol esters is absorbed from the intestinal lumen, and that part of the subsequent increase in blood cholesterol is due to an elevation of the free fraction (I).
Mueller (2) , in 1915, suggested that dietary cholesterol esters underwent partial hydrolysis in the intestine, with absorption of both free and esterified cholesterol in approximately the same ratio as found in lymph. In an attempt to determine the absorbed form of ingested cholesterol, Schonheimer and Hummel (3) fed cholesterol oxalate in addition to various natural cholesterol esters. From the large deposition of cholesterol in the liver, with no trace of oxalate ester, it was suggested that a complete saponification of the oxalate ester had occurred in the intestinal lumen prior to absorption. More recently, Peterson and co-workers (4), using blood and hepatic cholesterol levels as indicators of cholesterol absorption in chicks, and Swell et al. (s), using a similar approach in rats, studied the com-parative absorption of various dietary cholesterol esters, and obtained comparable results in these two species. In general dietary free cholesterol led to higher levels of this alcohol in blood than did dietary esters. Among the esters, those of short-chain fatty acids were absorbed in amounts comparable to the free sterol, while the administration of cholesterol esters of long-chain, unsaturated fatty acids resulted in lower blood cholesterol levels. The long-chain, saturated esters were poorly absorbed, if at all, in these studies. The authors suggested the possibility that alterations in tissue cholesterol levels following the ingestion of cholesterol esters reflected the degree and rate of hydrolysis of these esters prior to absorption from the intestinal lumen. The reports that conditions in the intestinal lumen favor the hydrolysis of cholesterol esters rather than the esterification of free cholesterol with fatty acid (6, 7) are also consistent with the concept that the esters are hydrolyzed prior to intestinal absorption.
Since cholesterol is transported almost entirely via the lymphatic channels following absorption (8, 9) Albumin was included to aid in adequate dispersion of the water-insoluble components.
Oleic acid and sodium taurocholate were in amounts representing a molar ratio to the cholesterol administered of 8:4: I, respectively (291 mg to 288 mg to 50 mg, respectively).
These levels were previously shown to be optimal for absorption of 50 mg of cholesterol (13) .
The various cholesterol esters, prepared and purified in the laboratory (IO) were included in quantities equivalent to 50 mg of free cholesterol. Grozcp 15 which received saline, albumin, oleic acid and sodium taurocholate (emulsion 15) was employed as the control for the cholesterol and cholesterol ester groups. Since the other emulsions also contained these ingredients, endogenous sterol transfer was presumed to be comparable in both control and experimental groups. Thus, changes in the total and free lymph cholesterol levels were attributable entirely to absorption of cholesterol derived from the dietary source. Three-hour lymph samples were collected from eight animals prior to administration of the test emulsions to provide fasting control levels at zero time. After feeding, lymph was collected in s-hour periods for the initial 12 hours, and a single collection for the remainder of the 24-hour experimental period. For the determination of free and total cholesterol, 2 ml of lymph was extracted with 25 volumes of boiling acetone-alcohol (I : I). Following cooling and filtration, appropriate aliquots were analyzed for free and total cholesterol by the method of Sperry and Webb (14) .
In this procedure ester cholesterol was saponified with 2 drops of 50% potassium hydroxide for one-half hour at 45°C. In a previous study with cholesterol esters of branched-chain fatty acids, Stern and Treadwell (IO) reported that the above conditions for saponification of cholesterol esters were insufficient for complete hydrolysis of certain unnatural esters of cholesterol, such as cholesterol trimethylacetate.
A more vigorous saponification procedure (IO) was therefore adopted for the lymph of animals receiving cholesterol trimethylacetate which employed 2 ml of 6% alcoholic potassium hydroxide, prepared according to Jamieson (IS), and incubation at 67'C for 8 hours. The method of Sperry and Webb was employed for subsequent analysis of the cholesterol fractions.
The data are summarized in figure I and in t test (16) ; values of P < 0.05 were considered significant, and P < 0.01 as highly significant. RESULTS 
AND DISCUSSION
The changes in lymph cholesterol after the administration of free cholesterol or cholesterol esters are shown in figure I . Curve I shows the changes due to endogenous cholesterol absorption after administration of the sterol-free control emulsion. These changes were not as marked as has been observed previously (13) ; however, the administration of the free cholesterol emulsion (CZMZV 2) also gave q-hour cholesterol values which were lower than observed in the previous study. Thus, the absolute amount of dietary cholesterol absorbed, and the percentage of the administered cholesterol absorbed were comparable in the present and previous studies.
With the exception of group 39, administered cholesterol trimethylacetate (curve 8), significant increases in the total lymph cholesterol of all experimental groups occurred within the first 3 hours after feeding. The largest increase was in the free cholesterol-fed group (curve z), indicating a more rapid absorption of the free form of cholesterol in the initial period of absorption. The rate of free cholesterol absorption observed here is somewhat slower than that observed previously (I 2), and this difference may be attributable to differences in the amounts of sodium taurocholate and oleic acid employed in the two studies. Differences between the lymph cholesterol levels of the esterfed groups were most pronounced from 3 to 9 hours after feeding. During this period, the lymph cholesterol level after cholesterol butyrate administration (curve 3) was slightly higher than that of the free cholesterol group, and attained a peak at approximately 6 hours. Thereafter, the cholesterol levels for both the cholesterol and cholesterol butyrate groups were comparable until the 24th hour. As was observed in other studies (4, 5>, these data indicate a relatively rapid absorption of shortchain fatty acid esters of cholesterol comparable to that observed after the administration of free cholesterol.
The lymph cholesterol levels after cholesterol oleate (curve 6) and cholesterol linoleate (curve 7) administration were significantly lower during the active phase of absorption than the levels after free cholesterol or butyrate administration. These reached a plateau at 6 hours and then slowly decreased until the termination of the study. Cholesterol laurate (curve 4) and cholesterol stearate (curve 5) administration resulted in lymph cholesterol levels which were comparable throughout the experimental period, and which were lower than the levels observed in the other experimental groups discussed. For these two esters, the peak of absorption occurred approximately 9 hours after feeding.
A comparison of the extent to which free cholesterol and the cholesterol esters were absorbed is shown in table 2. The data demonstrate that cholesterol butyrate was absorbed as efficiently as was the free sterol. The cholesterol esters of long-chain, unsaturated fatty acids, oleate and linoleate, were absorbed equally well, but less than cholesterol butyrate. Cholesterol laurate absorption was comparable to that of cholesterol stearate, but the cholesterol of these saturated fatty acid esters was the most inefficiently absorbed. These results are in general agreement with data obtained by others using blood or hepatic cholesterol levels as indicators of cholesterol absorption (4, 5) . These findings are also consistent with the postulate that the rate and extent of cholesterol absorption from the intestinal tract can be correlated with the degree of susceDti-bility of the esters to hydrolysis by the cholesterol esterase system (5) prior to absorption by the intestinal mucosa. Throughout this study the degree of esterification of total lymph cholesterol in all experimental groups ranged between 72 % and 82 %, with the higher values occurring in those groups containing higher lymph cholesterol levels (table 2) . Of the absorbed exogenous, or 'extra' cholesterol, the percentage esterification ranged from 87% to 95 %. However, with the exception of group 14, which received free cholesterol, differences in the free cholesterol levels between control and experimental groups were insignificant. It is evident from these values that regardless of the state in which cholesterol is presented to the intestinal mucosa for absorption, the absorbed cholesterol in lymph is esterified to the same high level. It appears that during the absorption of dietary cholesterol esters, a mechanism similar to, or identical with, that for absorption of free cholesterol is operative. A second possibility involves the absorption of unhydrolyzed esters directly into the lymphatic system, with little or no hydrolysis occurring during the translocation. If such a mechanism were present, however, it would seem that the esters would be absorbed more rapidly and to a greater extent than free cholesterol, which must be esterified in major part prior to its release into lymph. 2 To further check the absorbability of unhydrolyzed cholesterol esters from the intestinal lumen, cholesterol trimethylacetate was administered to an additional group of rats. As is seen by curz'e 8 in figure I and group 39 in table 2, no increase in total lymph cholesterol above that of the control group 15 occurred after administration of cholesterol trimethylacetate, nor was any depression of endogenous cholesterol absorption observed. Thus, it was apparent that no measurable amount of cholesterol from the trimethylacetate ester was available for absorption.
However, to establish the absence of intact cholesterol trimethylacetate in the lymph of these animals, aliquots of the acetone-alcohol extracts were carried through the modified
